Abstract: A wideband-tunable Q-switched fiber laser with a high-reflective topological insulator saturable absorber mirror (TISAM) was proposed and experimentally demonstrated. The proposed TISAM is composed of Sb 2 Te 3 and gold films deposited over the fiber tip, and it has the advantage of compact size, easy integration over fiber, good stability, and mass production ability. The modulation depth, saturable intensity, and nonsaturable loss of the TISAM at 1550 nm are experimentally tested to be 6.2%, 143 MW/cm 2 , and 4.2%, respectively. By using such TISAM, we obtain laser pulses of ∼400 ns in pulse width and kHz in repetition rates over the wavelength range from 1530 to 1570 nm. The experimental results indicate that the Sb 2 Te 3 based TISAM have good potentials for Q-switched fiber lasers.
Introduction
Passively Q-switched fiber lasers have attracted a lot of attention owing to their good potential in environmental sensing, biomedical diagnosis, and nonlinear frequency generation [1] . Q-switching technology has many advantages in terms of efficient operation, low cost and easy implementation. Various configurations have been proposed to achieve Q-switching operation by combination with saturable absorbers (SA). The main structures of fiber lasers are ring cavity and linear cavity. Compared with the ring cavity fiber laser, the linear cavity fiber laser has unique advantages, e.g., gain medium amplifies the laser light twice per circulation that increases the pulse intensity to easier reach deep saturation and the linear cavity is more compact, flexible and cost effective. In a passively Q-switched fiber laser linear cavity, the SA acts as a key component for generating pulses. Up to now, there are mainly two approaches to incorporate the SA in a linear cavity. One is to embed the nanostructured SA materials into thin polyvinyl alcohol (PVA) film and then sandwiched between two fiber connectors in a fiber laser cavity [18] . The other is to employ a saturable absorber mirror (SAM) at an end of the linear cavity. The first approach may suffer from a large insertion loss (∼3 dB) and low damage threshold. As for the second method, there are several SAMs based on different SA materials, e.g., semiconductor saturable absorber mirrors (SESAMs) [2] , [3] , single wall carbon nanotube SAM (SWCNT-SAM) [4] , graphene SAM (G-SAM) [6] and molybdenum disulfide SAM (MoS 2 -SAM) [20] , [42] . Among them, SESAM is mature and widely applied in some commercial solid lasers. Using heterostructure quantum wells as absorbers deposited on a reflective substrate, SESAM is limited by complex fabrication, high expense, and narrow operation bandwidth in typically few-tens nanometers [2] , [3] . Research into the field of low-dimensional nanomaterials such as carbon materials (e.g., single-wall carbon nanotubes and graphene) [4] - [16] , transition metal dichalcogenides (TMDs) [17] - [23] , topological insulators (TIs) [24] - [38] and black phosphorus [39] are revealed to have remarkable optical properties for acting as saturable absorption materials. TIs have typical characteristics with a small band gap in the bulk state and a gapless metallic state in the surface and edge. Furthermore, TIs have been proved to have an excellent saturable absorption property [30] - [33] . Therefore, TISAs attract many attentions as a kind of prominent photonic device. As for a SWCNT-SAM, the disadvantage is that SWCNTs are limited by their operation wavelength, which is determined by the nanotube diameters and chirality [5] . For wideband operation, SWCNT-SAM needs employ nanotubes with different diameters that lead to unwanted higher insertion loss [6] . Graphene, MoS 2 and TIs are the three SA materials which have the advantage of wide operation bandwidth [11] , [16] - [21] , [30] - [32] . However, the previously reported SAMs based on graphene or MoS 2 are used spatial alignment to add SA into the laser cavity and suffered with low space coupling efficiency. In addition, the SA materials of those SAMs are exposed to air, making them easily polluted by environment and destroyed at higher pumping condition.
Here, we proposed a new technique to fabricate SAMs directly over the fiber tip based on the magnetron-sputtering deposition (MSD) method [38] . The fiber-tip-integrated SAM has an antimony telluride (Sb 2 Te 3 ) SA layer wrapped by the gold film, which serves as high-reflex mirror and protector to immune the SA layer from the outside environment. Such fabrication technique and novel configuration endow our SAM with merits of mass production ability and good stability in application. By using TISAM in an all-fiber-integrated Erbium-doped linear cavity, we obtain stable Q-switched pulses with ∼400 ns in pulse width and kHz in repetition rates over the wavelength range from 1530 nm to 1570 nm.
Fabrication and Characterization of Sb 2 Te 3 -Based TISAM
The Sb 2 Te 3 target with purity of 99.999% was used to prepare SA by radio-frequency (RF) magnetron sputtering method. In this procedure, the Sb 2 Te 3 target surface was firstly cleaned by alcohol to remove impurity. Then, the Sb 2 Te 3 target, gold target and a short section (∼10 cm) of single mode fibers (SMF) with vertical cutting of fiber ends were put into the vacuum chamber of magnetron sputtering system together. Before the deposition, the vacuum pressure specification in chamber was settled to 10 À3 Pa to remove various impurity gases. During the deposition, the RF power was fixed at 100 W. In order to avoid the pollution of Sb 2 Te 3 material on the gold target, we isolated the gold target by a target cover during the deposition of Sb 2 Te 3 material on SMF tips. The SMF tips were coated with a thin Sb 2 Te 3 nanomaterial functioned as SA layer during 30-minute deposition process. Then the gold film was deposited under direct-current magnetron sputtering at power of 80 W with ∼250 nm thickness.
In order to investigate the structure of Sb 2 Te 3 nanomaterials on the fiber tips after deposition process, a cleaned quartz plate was placed at the side of SMF samples in the vacuum chamber during the deposition process of TI material. The existence of TI nanoparticles was confirmed using a scanning electron microscope (SEM) on the surface of quartz plate. The TI nanoparticles with diameter of ∼30 nm can be observed, marked by the red dotted circle in Fig. 1(a) . Fig. 1(b) was a 3-D microscope of this TISAM. The measured Raman spectrum of the Sb 2 Te 3 was shown in Fig. 1(c) . It was observed that the shifted peaks appeared at 66, 110, and 162 cm −1 , corresponding to the A 1g and E g modes of Sb 2 Te 3 , respectively [34] . The spectral features at 83, 118 and 138 cm −1 can be attributed to tellurium segregated at the surface (packet structure) [38] . The peaks at 189 and 251 cm −1 were related to Sb 2 O 3 because the intensity of those peaks can be declined when Sb 2 O 3 of the Sb 2 Te 3 target surface was removed. The nonlinear saturable absorption as a function of the input optical pulse peak power was measured in order to determine the SA property of the prepared TISAM. Measurement scheme was carried out by using a mode-locked fiber laser, which could deliver ∼1 ps pulses with 22.9 MHz repetition frequency at 1568 nm, as shown in Fig. 1(d) . The output power was monitored while the input power was varied. The following saturable absorption parameters of TISAM could be extracted: saturable intensity, I sat $ 143 MW/cm 2 ; modulation depth, Á $ 6:2%. The nonsaturable absorption was ∼4.2% (removing the insertion loss of circulator), which was mainly caused by the scattering and absorption of Sb 2 Te 3 .
Q-Switched Fiber Laser Setup
Based on the prepared TISAM, we constructed a linear cavity fiber laser as shown in Fig. 2 . The cavity consisted of ∼12 cm Erbium-doped fiber (EDF, LiEKKI Er110 4/125) and ∼29 cm SMF. The TISAM was spliced at one end of the EDF to serve as a high reflective SAM. The other end of EDF was spliced with a fiber Bragg grating (the central-wavelength/reflectivity/ bandwidth: 1530.6 nm/80%/1 nm). A 980/1550 wavelength division multiplexer (WDM) was applied to inject the 974 nm pump light into the cavity and extract the laser output. A polarizationindependent isolator was placed at the output port of WDM to prevent back reflection from outside cavity connections. The laser performance was observed using an optical spectrum analyzer (Yokogawa, AQ6370B) and a 1 GHz digital oscilloscope (Tektronix, DPO7104C), coupled with a 15 GHz photodetector (EOT, ET-3500FEXT). Fig. 3(a) plotted the typical Q-switched pulse trains at 1530.6 nm. The duration of Q-switched pulses decreased while the pump power increased, which was agreed with Q-switching properties [11] , [25] . The pulses had a full width at half-maximum (FWHM) ∼400 ns. The repetition rate as a function of pump power varied from 98 to 338 kHz and the output power almost linearly increased with the pump power and the maximum output power was 6.11 mW at the pump power of 340 mW, corresponding to a pulse energy of 18.07 nJ, as shown in Fig. 3(b) . Q-switching operation became unstable or even disappeared and the laser exhibited behavior similar to unstable CW mode-locking while further increased the pump power. However, the stable Q-switched pulses appeared again when decreased the pump power less than 340 mW; therefore, the maximum output power may be limited by the saturation of TISAM rather than the thermal damage [40] . The RF spectrum indicated that the passively Q-switching was stable, as plotted in Fig. 3(c) . It should be noted that the shape of the TI material in our experiment was nanoparticles. Similar to the previously reported TI materials with other shapes (e.g., bulk structure [30] - [32] , layered structure [41] - [44] ), the TI nanoparticles fabricated by MSD technique still have obvious saturable absorption property that owns to the unique single Dirac cone surface state structure on the TI nanoparticles [27] , [30] .
Results and Discussions
While replaced FBG (1530.6 nm) by other FBGs with central wavelength of 1540.1 nm, 1550.6 nm, 1560.1 nm, and 1570.4 nm (with 3 dB bandwidth/reflectivity: 0.6 nm/86.82%, 0.6 nm/92.06%, 0.2 nm/88.52%, and 0.6 nm/86.82%, respectively), the typical Q-switched pulse trains were also observed in our experiment. Fig. 3(d) showed the output spectra for 5 wavelengths at 140 mW pump power. The results indicated that the TISAM could be applied for a wideband-tunable Q-switching operation. Note that the self-pulsing can be effectually suppressed by using a short EDF and a narrow bandwidth FBG in the linear cavity. Furthermore, the gold film of TISAM and FBG have high reflectivity in our experiment, which not only benefits for fiber laser having a high Q-factor but also contributes to the suppression of the self-pulsing phenomenon.
Conclusion
In summary, we fabricated a fiber-tip-integrated TISAM through the MSD technique. The TISAM possesses the advantages of compact in size, ease of integration over fiber, and good stability together with mass production ability. The remarkable design can overcome the limits of other types of SAMs, such as SWCNT-SAM, G-SAM and MoS 2 -SAM deposited on bulk glass or embedded in PVA film. By using TISAM in an Erbium-doped linear fiber laser cavity, we obtained ∼400 ns Q-switched pulses in the wavelength range of 1530 nm to 1570 nm with kilohertz repetition rates. It should be pointed that the TISAM can be further optimized based on the MSD technique in the following work. We propose two schemes: 1) utilizing quenching process in the MSD, which could improve the quality of SA material on the fiber tip; and 2) changing the thickness of the SA film will enhance the saturable absorption properties of TISAM. Our results not only indicate that using MSD method is an efficient approach to fabricate TISAMs with lots of advantages, but also provide a simple way to get wideband Q-switched fiber laser, which has potential applications in such areas as environmental sensing, biomedical diagnostics, and nonlinear frequency generation.
